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ABSTRACT 

We present neutral hydrogen (Hi) observations with the Giant Metrewave Radio Telescope 
(GMRT) of the interacting galaxies NGC5996 and NGC5994, which make up the Arp72 sys- 
tem. Arp72 is an M51-type system and shows a complex distribution of Hi tails and a bridge 
due to tidal interactions. Hi column densities ranging from 0.8-1.8x10^** atoms cm"^ in the 
eastern tidal tail to 1.7-2x10^' atoms cm"- in the bridge connecting the two galaxies, are 
seen to be associated with star-forming regions. We discuss the morphological and kinematic 
similarities of Arp72 with M51, the archetypal example of the M51-type systems, and Arp86, 
another M51-type system studied with the GMRT, and suggest that a multiple passage model 
of Salo & Laurikainen may be preferred over the classical single passage model of Toomre 
& Toomre, to reproduce the Hi features in Arp72 as well as in other M-5 1 systems depicting 
similar optical and Hi features. 
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1 INTRODUCTION 

The role of tidal interactions, collisions and mergers of galaxies 
in driving and shaping galaxy evolution over cosmic time scales, 
often triggering bursts of star formation, has been widely recog- 
nized since the early work by Toomre & Toomre (1972) as well 
as from many recent pieces of work (see Kennicutt, Schweizer 
& Barnes 1998; Barnes & Hernquist 1992; Barnes 1999; Struck 
1999; Schweizer 2000, 2005). However, studies of gravitational 
interactions at optical wavelengths have often focussed on major 
mergers which involve galaxies of similar mass, leading to spec- 
tacular structures. Minor mergers with mass ratios in the range of 
~0. 1-0.5 may appear less spectacular at optical wavelengths, but 
show clear and complex signs of interactions in their Hi distribu- 
tions as seen for example in M5 1 (Rots et al. 1 990) and Arp86 (Sen- 
gupta, Dwarakanath & Saikia 2009). Although such minor mergers 
and interactions have so far usually been studied in the nearby Uni- 
verse, more sensitive Hi observations with present and upcoming 
telescopes should enable us to examine such interactions at higher 
redshifts and add to our knowledge of galaxy growth and evolution 
through minor mergers and interactions. An important parameter 
to quantitatively assess the importance of interactions and mergers 
is the merger rate, which is the number of mergers per unit time 
and unit co-moving volume, which appears to increase with red- 
shift (e.g. Abraham et al. 1996; Ryan et al. 2008). Identification, 
imaging and modelling of a large number of M5 1 -type systems will 
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give us a better idea of the range of merger time-scales and hence 
the merger rate for these minor mergers and interactions. 

In addition to mergers and interactions, there has also been a 
lot of interest in understanding how star formation rates are affected 
by collisions and mergers of galaxies since the early pioneering 
pieces of work by Larson & Tinsley (1978) and Struck-Marcell & 
Tinsley (1978). Observations with the Infrared Astronomy Satel- 
lite (IRAS) drew attention to the highly luminous infrared galax- 
ies, the more extreme ones with far infrared luminosities greater 
than lO'^La being christened as ultraluminous infrared galaxies 
jSanders et al.lll98a) . These are believed to be the result of merg- 
ers of similar-mass, gas-rich galaxies (see Soifer et al. 1987; Smith 
et al. 1987; Sanders & Mirabel 1996; Struck 1999). The high res- 
olution of Spitzer infrared observations have made it possible to 
study individual star-forming regions (see Smith et al. 2007, and 
references therein). The advent of the Galaxy Evolution Explorer 
( GALEX) ultraviolet (UV) telescope, has provided another window 
to study stellar populations and star-formation history in galaxies 
(see Smith et al. 2010, and references therein). Ultraviolet observa- 
tions show that tidal features are often quite bright at these wave- 
lengths (e.g. Neff et al. 2005; Hancock et al. 2007), and are some- 
times also known to reveal new tidal features, as seen in the inter- 
acting galaxy NGC4438 in the Virgo cluster (e.g. Hummel & Saikia 
1991; Hota, Saikia & Irwin 2007) by Boselli et al. (2005). At radio 
frequencies, both Hi and CO observations have been good tracers 
of gas distributions for understanding the star-formation process 
(e.g. Heifer et al. 2003; Greve et al. 2005; Leroy et al. 2008, 2009; 
Walter et al. 2008; Bigiel et al. 2008), while continuum observa- 
tions have been useful to constrain star-formation and supernova 
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Table 1. GMRT observations 



Frequency Observation Phase Phase cal r Bandwidth rms (per channel Beam size 

date calibrator flux for 21-cm line) maj min PA 

density (Jy) (hr) (MHz) (mjybeam-') (") (") (°) 



21-cm line 2008 Apr 30 J1609+266 5.0 


7 


8 


0.5 


9.0 


9.0 










0.9 


29.0 


21.0 


119 








1.0 


41.0 


35.0 


126 


1403 MHz 






0.17 


3.5 


2.2 


40 



rates (see Condon 1992 for a review), as well as probe deep into 
the circumnuclear regions to study the supernova remnants and Hit 
regions, as in the archetypal starburst galaxies M82 (Fenech et al. 
2008, and references therein) and NGC1808 (Saikia et al. 1990; 
Collison et al. 1994). 

In this paper, we present the results of Hi observations of the 
interacting galaxies in Arp 72, which were observed as part of an 
ongoing Hi survey of interacting galaxies to study their Hi proper- 
ties and the correlation of gas and stars in these galaxy pairs. Arp72 
is an M51-type system, and such systems have often been used as 
laboratories for understanding the possible dynamics that give rise 
to the striking spiral arms, and tidal bridges an d tails, as well as the 
corre lation of gas and stars in these features jSalo & LaurikainenI 
1 1993 . 2000; Reshetnikov & Klimanov 2^). We also present a 
comparative analysis of our results on the two MSI -type systems 
we have studied so far, Arp72 and Arp86, with M5 1 . The results for 
Arp86 were presented earlier by Sengupta, Dwarakanath & Saikia 
(2009). For comparison with M51, we have used the results from 
The Hi Nearby Galaxy Survey (THINGS; Walter et al. 2008). 



2 ARP72 

Arp72 is a nearby unequal-mass interacting galaxy pair undergo- 
ing an intense phase of star formation. The system consists of 
NGC5996, the bigger galaxy of morphological classification SBc, 
at a radial velocity of 3297±2 km s"', and the smaller companion 
NGC5994, a possible barred spiral, at a radial velocity of 3290+10 
km s"'. The angular diameters of NGC5996 and NGC5994 are 
~1.6' and 0.6' respectively, which translates to a physical extent 
of ~20 and 8 kpc respectively, at a distance of 43.9 Mpc to the sys- 
tem (I arcsec = 0.21 kpc). Throughout this paper, 43.9 Mpc has 
been used as the distance to the system, which has been estimated 
using their average optical velocity and a Hubble constant of 75 
km s"' Mpc"'. The morphological classifications, angular diame- 
ters and the optical radial velocities are from the NASA/IPAC Ex- 
tragalactic Database (NED). NGC5996, is known to be a Markarian 
galaxy (Mrk69I), with enhanced star formation possibly initiated 
by the interaction with N GC5994. The system has been a part of 
several statistical studies /Kan dalvanI |2003| ; ISchwartz et alfbOOd ; 
IWoods. G eller & Barton 2006), but has not been studied systemat- 
ically at radio frequencies. Recently Smith et al. (2010) have pre- 
sented a GALEX image of the system which shows a long 'beaded' 
tail towards the east of the main galaxy, which although seen in 
the Sloan Digital Sky Survey (SDSS) and Arp Atlas images, is 
more pronounced at UV wavelengths. The bridge connecting the 
two galaxies is also bright in the GALEX image. The bridge and the 
northern spiral arm are quite bright in Ho- (Smith et al. 2010), and 
the oxygen abundance in the centre of the bridge, log[0/H]+12, is 
~8.7 (Hancock et al. in preparation; Smith et al. 2010). 



3 OBSERVATIONS 

Arp72 was observed for 7 hours in Hi 21-cm line on 2008 April 
30, using the Giant Metrewave Radio Telescope ( GMRT). The full 
width at half maximum of the primary beam of GMRT antennas is 
-24' at 1420 MHz. The baseband bandwidth used was 8 MHz for 
the 21-cm Hi line observations giving a velocity resolution of ~ 1 3.7 
km s"' . Some of the parameters of the observations and also the rms 
noise and beam sizes for the results presented here are summarized 
in Table 1. 

Data obtained with the GMRT were reduced using AIPS (As- 
tronomical Image Processing System). Bad data due to dead anten- 
nas and those with significantly lower gain than others, and radio 
frequency interference (RFI) were flagged and the data were cal- 
ibrated for amplitude and phase using the primary and secondary 
calibrators. The primary flux density calibrator was 3C286, while 
the phase calibrator was JI609-I-266 (see Table I). The flux den- 
sities are on the scale of Baars et al. (1977) and the error on the 
flux density is ~5 per cent. The calibrated data were used to make 
both the Hi line images and the 1403-MHz radio continuum im- 
ages by averaging the line-free channels and self calibrating. For 
the Hi line images the calibrated data were continuum subtracted 
using the AIPS tasks 'UVSUB' and 'UVLIN'. The task TMAGR' 
was then used to get the final 3-dimensional deconvolved Hi data 
cubes. From these cubes the total Hi images and the Hi velocity 
fields were extracted using the AIPS task 'MOMNT'. To examine 
the structures on different levels in both Hi and radio continuum, 
we produced images of different resolutions by tapering the data to 
different uv limits. 



4 OBSERVATIONAL RESULTS 
4.1 Hi morphology of Arp72 

The low-resolution Hi column density image of Arp72, with an an- 
gular resolution of ~40" which corresponds to a linear resolution 
of ~8.5 kpc, overlaid on the optical r-band SDSS image is shown 
in the upper panel of Fig. 1 . The corresponding Hi spectrum of the 
system is shown in the lower panel of Fig. I. The integrated flux 
density estimated from this spectrum is 30.1 Jy km s"' and the cor- 
responding Hi mass is 1.4x10'" Mq, for a distance of 43.9 Mpc 
to the system. Our total flux density is somewhat higher than the 
value of 22.97+0.34 Jy km s"' estimated by Giovanardi & Salpeter 
(1985) from an Arecibo spectrum of the galaxy pair (UGC10033) 
over a size of 3.8x2.8 arcmin', and the HIPASS (Hi Parkes All 
Sky Survey; Barn es et al. 2001) estimate of ~I9.7 Jy km s"' 
jWong et aljboogi) . The lower flux densities for the Arecibo and 
HIPASS observations are likely to be due to the higher rms noise 
values of these observations, which are ~3 and 10 times higher than 
that of the GMiJr observations. To explore this possibility, we con- 
volved the low-resolution GMRT cube (~40") to be of similar res- 
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Figure 1. Upper panel: Hi column density contours obtained from the low- 
resolution (~40 arcsec) map, overlaid on the optical r-band SDSS image. 
The Hi column density levels are 1. 14x(3, 7, 10, 15, 20, 35, 55, 70, 100, 130, 
150, 170)xl0" atoms cm"^. Beam plotted at bottom left. Lower panel: Hi 
spectrum of the Arp72 system obtained from the low-resolution data cube. 



olution to the Arecibo beam (~3 arcmin) and estimated the flux 
density using a threshold similar to the rms noise of the Arecibo 
survey of ~3 mjy. The integrated flux density decreased from our 
estimate of 30.1 Jy km s"' to 20.3 Jy km s"', indicating that higher 
rms noise values for observations of this source with extended dif- 
fuse emission could lead to lower estimates of the integrated flux 
density. 

Extended tidal tails and debris, expected from the interaction 
between NGC5996 and NGC5994, are seen around the system. 
An Hi bridge, aligned to the optical and UV ones which connects 
NGC5996 to its low-mass companion, is clearly seen. In addition, 
there is a long (~3.8 arcmin, ~50 kpc) tidal tail that originates at the 
northern edge of the disk of the larger galaxy NGC5996, curves to- 
wards the east and then towards the south, while the smaller galaxy 
NGC5994 exhibits an Hi extension towards the west. These fea- 
tures are reminiscent of those seen in M51 (Rots et al. 1990) and 
Arp86 (Sengupta et al. 2009). The corresponding velocity field is 
shown in Fig. 2. The disk of NGC5996 shows regular rotation; how- 
ever, signatures of tidal interaction with NGC5994 are seen at the 
edge of the disk in the form of disturbance in that regular rotation 
pattern. 

A moderate-resolution (~25 arcsec which corresponds to ~5.3 
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Figure 2. Radial velocity subtracted Hi velocity field at low resolution (~40 
arcsec overlaid on the r-band SDSS optical image. The velocities plotted are 
-130, -110, -80, -50, -30, -10, 10, 30, 60, 110 km s"'. The negative ve- 
locities are in white and the positive velocities ai'e in black contours. Beam 
plotted at bottom left. 



kpc) image of the Arp72 system is presented in Fig. 3 overlaid on 
the far-ultraviolet GALEX image, which has an effective bandpass 
of 1350-1705 A. The main features are similar to those seen in the 
low-resolution map, although the ridge of high Hi surface bright- 
ness is better defined, and the eastern tail seen in the GALEX image 
lies along the ridge line of the eastern Hi tail. In the high-resolution 
image, which has a resolution of ~10 arcsec, which corresponds 
to ~2 kpc, only the high Hi column density regions are seen. Over- 
lays of the high-resolution Hi image of Arp72 system on the Spitzer 
24-micron image, as well as on the GALEX UV image are shown in 
Fig. 4. The 24-micron image reveals the relatively new star forming 
zones and Hi is seen to be well correlated with the bright regions 
in the Spitzer image. The central star-forming region of the galaxy 
NGC5996 is devoid of Hi, which is often seen in many star-forming 
galaxies, possibly due to a combination of the gas being in molecu- 
lar form as well as ionization of the Hi gas by the hot, young stars. 
The remaining parts of the main disk, including the northern spi- 
ral arm, as well as the tidal bridge between the two galaxies show 
the presence of dense Hi clumps with column densities as high as 



4.2 Radio continuum emission 

The radio continuum image at 1403 MHz with a resolution of ~3 
arcsec (~0.6 kpc) obtained from the GMRT data, is shown in Fig. 5. 
The GMRT and FIRST (Faint Images of the Radio Sky at Twenty 
Centimeters; Becker, White & Helfand 1995) images are very sim- 
ilar, which show a compact radio source associated with the nu- 
clear region of NGC5996, along with more diffuse emission, simi- 
lar to the high-resolution structure seen in many spiral galaxies (e.g. 
Saikia et al. 1994). No emission has been detected from the smaller 
companion NGC5994. The NRAO VLA Sky Survey (NVSS; Con- 
don et al. 1998) image also shows no emission from NGC5994, 
but shows an extended tail of emission along a PA of ~22°, which 
extends from NGC5996 well beyond the bridge of emission con- 
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Figure 3. Hi column density contours obtained from tlie medium resolution 
(~25 arcsec) map, overlaid on the GALEX image. The Hi column density 
levels are 2.6x(3, 7, 15, 25, 40, 60)xl0" atoms cm"^. 



necting the two galaxies. Possible confusion from a background 
source cannot be ruled out. The total flux density of NGC5996 esti- 
mated from the GMRT image is ~22 mjy, while the peak and total 
flux densities, estimated from the NVSS image, including emission 
from the tail, are 20.4 mJy beam"' and ~35 mJy respectively. NED 
lists the continuum flux densities of NGC5996 as 29.6, 32±4 and 
<30 mJy at 1400, 2380 and 5000 MHz respectively, taking the val- 
ues from Condon, Cotton & Broderick (2002), Dressel & Condon 
(1978) and Kojoian et al. (1980) respectively. Although these val- 
ues suggest a rather flat radio spectrum at cm wavelengths, sug- 
gesting that thermal free-free emission as well as absorption by 
dense gas could be playing a significant role, the spectrum needs 
to be determined reliably using measurements at a larger number 
of frequencies. NGC5996 has been classified as a starburst, and it 
would be useful to determine its structure with sub-arcsec resolu- 
tion to identify any possible AGN. It is relevant to note that the 
dominant galaxy in the Arp86 system, NGC7753, which has a high 
star-formation rate of ~9 Mq yr"', exhibits a flat radio spectrum 
with a -0.25 (Soc v"") between 606 and 1394 MHz jSengupta et al.l 
l2009h . In the case of M51, although the integrated spectrum is steep 
between 1415 and 2280 MHz with a ~0.87±0.04, the spectrum 
of the nuclear region is relatively flat with a ~0.68±0.01 (Klein, 
Wielebinski & Beck 1984). Studies of the central region of M51 
show evidence of intense star formation possibly triggered by the 
interaction. For example, in the circumnuclear region, Nikola et al. 
(2001) use PDR models to estimate that the far-ultraviolet field in- 
tensities are similar to those found near OB star-forming molecular 
clouds in the Milky Way, a few hundred times the local Galactic 
interstellar radiation field. 



Sensitive Hi observations (column density < 10^" atoms cm"^) of 
nearby galaxies reveal details which could be related to the galaxy 
formation and evolution processes. In addition, to get a comprehen- 
sive picture of aspects such as the kinematics of the outer disks and 
warps, star formation law at low Hi column densities, accretion of 
gas and signatures of dwarf companions around the galaxies, deep 
Hi imaging of the systems are necessary. In this Section, we discuss 
our results on Arp 72, the M51-type system in our sample. 



5.1 Hi and star formation in the Arp72 system. 

The star-formation rate (SFR) in the disks of spirals and starburst 
galaxies commonly follows the relation Ssfr "^gus ^'th A' ~ 1 .4, 
and is often referred to as the Schmidt law (Schmidt 1959; Ken- 
nicutt 1989). The most recent and extensive study of the SFR 
and star-formation thresholds in nearby galaxies has perhaps come 
from the THINGS survey (Leroy et al. 2008; Bigiel et al. 2008). 
Bigiel et al. (2008) find that a molecular Schmidt law with an index 
A'= 1.0+0.2 relates Eh2 to Ssfr in their sample of spirals. Bigiel et 
al. (2008) do not observe a universal relationship between total gas 
surface density and Esfr with variations both within and amongst 
galaxies. In some cases they find a wide range of SFRs with very 
similar gas densities, while others seem to follow the Schmidt law 
over several orders of magnitude in gas surface density. They find 
the value of A' to vary over a wide range from 1.1 to 2.7, suggesting 
that there might not be a universal Schmidt law. They also suggest 
a link between the environment and relationships between gas and 
star formation, and star formation is not merely a function of gas 
surface density but also the physical conditions that set the ratio 
of Hi to H2. Earlier observations also showed evidence of star for- 
mation happening in a wide range of densities and environments. 
For example, the Hi bridge in the Magellanic Clouds, which has 
typical column densities ~10 ^°-10~' atom s cm"- is known to have 
star formation occurring in it l lHarrisl2007l) . and no intense star for- 
mation is seen in the mo re difltuse Magella nic stream with N(Hi) 
<3-5 xlO^" atoms cm"^ teruns et"al]|2005l) . However, Hii regions 
have been f ound in tid al debris which are free of any significant Hi 
association jRvan- Weber et al. 20041) . 

Our observations of Arp72 also seem to confirm the above 
findings that there might not be a universal Schmidt law. Arp72 is 
undergoing a stage of intense star formation, possibly triggered by 
the interaction. NGC5996 has been classified by Balzano (1983) 
to have a starburst galactic nucleus, and it also shows evidence of 
star formation in the disk and spiral arms. The 24-micron band of 
Spitzer seems to be well su ited for tracing rece nt star formation 
(Calzetti et al. 2005, 2007). ICalzetti et alTi2005l) reported a tight 
correlation between Pao- and 24-micron flux density in their study 
of star formation in NGC 5194 (M51a). The Ha and UV emission 
have been used traditionally for studying star-formation, but both 
could be significantly affected by dust attenuation, although Ho- to 
a much smaller degree than UV. Compared with, say Ha which 
traces early to mid-O type stars with ages less than about 10 Myr, 
the UV traces somewhat older and less massive stars of O to early- 
B type with ages of less than ~400 Myr, providing a star-formation 
measure over a longer time scale (see Calzetti et al. 2007; Smith et 
al. 2010). 

To investigate the SF region to Hi column density relation in 
this system, high resolution Hi images were overlaid on the GALEX 
FUV and Spitzer 24-micron images and compared. A range of Hi 
column densities from low to high are seen to be associated with 
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the star forming regions. The high-resolution Hi image with an 
angular resolution of ~10 arcsec (~2 kpc) shows Hi clumps with 
column densities as high as ~2xl0^' atoms cm"^ close to the 24- 
micron peaks of emission in the bridge (Fig. 4). Similar features 
are seen in the vicinity of the companion galaxy NGC5994, and 
from the disk and towards the north of the main galaxy NGC5996. 
A prominent tidal tail of Hi seen towards the east of NGC5996 in 
the moderate- and low-resolution images is not visible in the high- 
resolution Hi one (Figs. 3 and 4). This tail towards the east is barely 
visible in the Spitzer and SDSS images, but is very clearly seen in 
the GALEX image at UV wavelengths. The Hi column densities es- 
timated in the eastern tail are in the range of 0.8 to 1.8x10^" atoms 
cm"-, and overlaps with the star-forming region seen most clearly 
in the GALEX image. Inspection of this system does not reveal any 
prominent star forming region associated with low (<10^'' atoms 
cm"^) Hi column densities. 



Using the empirical formula from ICalzetti et al" 



the 24-micron Spitzer flux densities from I Smith et al 



1 2007 ) and 
20071) . the 



SFR in NGC5996, NGC5994 and the tidal bridge were estimated 
to be 1.43, 0.06 and 0.21 Mo yr"' respectively. NGC5994 is 
relatively quiescent compared to NGC5996. The high-resolution 
GMRT continuum image shows a compact component in the cen- 
tre of NGC5996, and more diffuse emission towards the east and 
the north, while no radio continuum emission has been detected 
from NGC5994. The radio 1400-MHz and far-infrared (FIR) 60 pm 
luminosities of NGC5996 are 21.8 and 9.9 (in log scale) respec- 
tively. These values are cons istent with the radio-FIR correlation 
jYun. Reddv & Condoij|200lh . 



+ 17°53'30" - 




Figure 5. The GMRT, 1403-MHz radio continuum image with a resolution 
of ~2.5 arcsec on optical SDSS. The contour levels are 0.22x(3, 5, 7, 10) 
mJy beam"' . 



5.2 Hi in M51-type systems 

As mentioned earlier, the Hi distribution of Arp72 has been found 
to be very similar to those of M51 and Arp86, categorised as M51- 
type systems. Although detailed modeling of Arp72 is beyond the 
scope of this paper, we summarise the similarities in the Hi mor- 
phology and kinematics in these systems, and discuss the possible 
kinematic models for such systems (e.g. Toomre & Toomre 1972; 
Salo & Laurikainen 1993; Theis & Spinneker 2003). 



5.2.1 Hi distribution 

The Hi observations of MSI l lRots etal.|[l990l) show that the in- 
ner regions trace the spiral structure as outlined by the star-forming 
regions, while in the outer regions of the galaxy faint Hi extends 
to larger radii. In addition, there is a prominent curved Hi tidal 
tail which originates at the southern edge of the MSI disk, takes 
a turn northward and extends for ~50 kpc. This feature has no opti- 
cal counterpart. Towards the north, beyond the companion galaxy, 
a smaller Hi extension is seen, but it does not correspond to the 
faint optical features found near it. The centre of the m ain galaxy 
was s een to be relatively Hi deficient at high resolution jRots et aU 
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Figure 6. Rotation curves of the approaching and receding sides of the 
NGC5194 (M51) in the M51 system (upper panel), NGC7753 in the Arp86 
system (middle panel) and NGC5996 in the Aip72 system (lower panel). 
The triangles indicate the receding side and the filled circles indicate the 
approaching side. 



The Hi distributions of the M51-type systems we have ob- 
served so far, Arp72 and Arp86, have striking similarities with 
those of M51. In both cases the centres of the main disks show 
Hi depletion, and a prominent Hi bridge is seen to connect the two 
interacting galaxies. The low-resolution images show that from the 
edges of the main disks of both the systems, a long Hi tail originates 
and just like the M51 system, curves back and runs almost parallel 
to the bridge between the two galaxies. Like M51 this extension 
is seen only in lower Hi column densities. The Hi column density 
limit for this in all the three cases is ^SxlO^" atoms cm"-. On the 
opposite side of the disk, towards the companion, in all three cases, 
a similar but smaller low-density Hi extension without any optical 
counterpart has been seen. 

This apparent similarity in their Hi morphology may have 
its origin in the kind of interactions these systems may have 

f one t hrough. Early test particle simulations bv lToomre & Toomrd 
1972h suggested that the M51 system was experiencing its 
first close passage encounter. However, to explain the new Hi 



tidal feature observed by iRots et al] ( Il990l) . about 2 to 3 times 
longer duration of pertur bation was necessary than proposed by 
iToomre & Toomre' ( 1972). suggesting multiple passage encounters 
([Heriiquist 1990). Ho ward & Byrd ( 1990) carried out a detailed 
simulation of the M51 system including disk self gravitation and 
using a three component (stars, gas clouds, inert halo) model. With 
a single, recent passage of the companion past an initially unper- 
turbed disk model, they could explain most of the spiral features of 
the system, but the e xtended tidal features like the long tail found 
bv lRots etaLl ( ll990l) remaine d unexplained. Th ey concluded that 
the extended tidal arm seen bv lRotsetal1 ( ll990h was in fact a rem- 
nant of a previous passage of the companion. 

M51 is not an isolated case and two of the M51-type systems 
we have observed, show similar features and would thus require the 
multiple passage model to exp lain the observed features. As dis- 
cussed in lSengupta et al. I( l2009h . we see that the ratio of the masses 
of the companion NGC5195 to the main galaxy NGC5194 in the 
case of the M5 1 system, needed to be roughly 0. 1 f or the simulation 
to be able to reproduce the observational features l lHoward & Bvr j 
Il99(]|) . From the Ha rotation curves, the masses of NGC7753 and 
NGC7752 in the Arp86 system were estimated to be 1.3xlO"Mo 
and LSxIO'^Mq respectively (^Marcelin et al. 1983). This makes 
the mass ratio of the companion t o the main galaxy ~0.1 , a value 
similar to that of the M51 system jHoward & Bvrdri990h . For the 
Arp72 system, the K-band mass ratios for the two galaxies were 
estimated. The estimated mass of NGC5996 and NGC5994 are 
2.7x10"'Mo and 2.3 xIO'Mq respectively. The companion to main 
galaxy mass ratio is again ~0. 1 , similar to those of the Arp86 and 
M51 systems. Thus the mass ratios being also similar in all three 
systems, is consistent with their interactions being similar. 

The results from the simulations and rot a tion c urve analysis 
of the Arp86 system by ISalo & LaurikainenI ( 1 19931) suggests an 
M51-like interaction involving multiple passages of the compan- 
ion. In our study of Arp86, we suggested that the long northern 
tida l tail may be a remna nt from the past passage of the compan- 
ion dSengupta et al.l2009h . We notice a similar long tidal arm to the 
north east of the Arp72 system. Though no simulation results exist 
for this system, from a comparison of the Hi features with those of 
the other two systems, we suggest that Arp72 has also probably un- 
dergone a similar multiple passage encounter with its companion. 



5.2.2 Hi kinematics 

The velocity field and rotation curves in interacting sys- 
tems are often found to be disturbed and irregular, due to 



1983 



200C 



perturbation by the compan i on g al axy dRubin & Fordl 
IChengalur, Salpeter & TerziaiJ 1 19941 : ISalo & LaurikainenI 
JFuentes Carrera et al. 2004). Normally, kinematic disturbances are 
expected to fade out within a few rotation cycles « 1 Gyr) 
jPale etalJboOlh . Therefore these anomalies are of importance 
as they can be used to trace the interaction history of the system 
jRronberger et alJbood) . One such noticeable signature of pertur- 
bation is when the rotation curve of one side of the disk declines 
while the other side remains steady, the so called 'bifurcation' of 
the rotation curve. This happens mainly due to the presence of a 
close companion. Based on such signatures of disturbances, efforts 
are being made to use them as timers of the stage of interaction 
and understand the possible orbits of the companion jPedrosa et al.l 
l200^:lFuentes Carrera et alj20C)4l) . 

ISalo & LaurikainenI feOOOl) investigated the single and mul- 
tiple passage scenarios for the M51 system, and found that high 
velocity particles in the streamers and also evidence of significant 
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out of plane velocities, support a recent perturbation and hence the 
multiple passage model of interaction. A comparison of the rotation 
curves of the single passage and multiple passage encounter sim- 
ulations showed that in a single passage the curve remains similar 
to the circular velocity curve and in the multiple passage the curve 
declines after a certain radius. Although Hi images a nd velocity 
fields of M5 1 and Arp86 h ave been published earlier l lRots et aTl 
1 19901 : ISengupta et al.ll2009l) . the Hi rotation curves for the domi- 
nant galaxies of the M51, Arp86 and Arp72 systems are presented 
for the first time in Fig. 6. The companion galaxies are too small 
to obtain rotation curves. THINGS data have been used to obtain 
the rotation curve of NGC5194 (M51), while the rotation curves of 
NGC7753 (Arp86) and NGC5996 (Arp72) have been derived using 
the GM^rdata. The Groningen Image Processing System (GIPSY), 
has been used to obtain the rotation curves from the FITS files of 
the velocity fields. The best fit curves for all the three systems have 
been obtained by keeping the inclination angle and centre coordi- 
nates as fixed parameters and rotational velocity and position angle 
as free parameters in the ' ROTCUR ' program of GIPSY. 

For NGC5194, both the curves show signs of declining veloc- 
ity towards the edge, the approaching side falling faster than the re- 
ceding side (Fig. 6, upper panel). The companion is at the tip of the 
approaching side, about 300 arcsec away. The 'S'-shaped profile is 
also seen for the Ho- ro tation curves observed for the M5 1 system 
jTilanus & Aiiei]|l99lh . A similar trend of declining Hi rotation 
curve is seen on one side of the Arp86 system, where the com- 
panion is present. The side nearer to the companion, shows higher 
rotation velocity and faster decline near ~100 " from the centre 
(Fig. 6, middle panel), which is roughly the distance to the com- 
panion. The curve on the receding side remains undisturbed and 
flat till a longer distance of ~ 160 ". The decli ne of rotation velocit y 
near 100" is in agreement with the results of l lMarcelin etaljl987h . 
where the authors report a falling Ho- rotation curve for the west- 
em side of NGC7753. The rotation curves of NGC5996 of Arp72 
are shown in Fig. 6 (lower panel). A declining Hi rotation curve for 
the receding side of NGC5996 is again apparent. The curve shows 
signs of a rapid decline near a radial distance of ~80" from the 
centre, which is roughly the distance to the companion. It would 
be interesting to examine the Hi rotation curves with data at other 
wavelengths. Thus for all these systems, we do notice a similar na- 
ture of declining rotation curves, especially on the side where the 
companion is present, sug gesting a similarity with the results of 
ISalo & Laurikainei] ( 1 19931) that a multiple passage model can often 
explain these systems better than a single passage model as pro- 
posed bv .Toomie & Toomre. (, 19721) . 



6 CONCLUDING REMARKS 

GMRT observations of the interacting galaxies NGC5996 and 
NGC5994, which make up the Arp72 system show a complex dis- 
tribution of Hi tails and a bridge between the two galaxies due to 
tidal interactions between them. Optical, infrared and ultraviolet 
observations all show a bridge between the two galaxies, and a tail 
on the eastern side, which is seen most clearly in the GALEX im- 
age at ultraviolet wavelengths. A range of Hi column densities from 
~I.7-2xlO^' atoms cm"- to 0.8-1.8x10^" atoms cm"^ are seen to 
be associated with sites of star formation in the bridge, disk of the 
main galaxy and the tidal debris. There is a depletion of Hi in the 
centre of the more massive galaxy, possibly due to the gas being 
in the molecular phase as well as ionization of the gas by the star- 
burst in the central region of NGC5996. No star forming zone has 



been found to be completely free of any Hi association or corre- 
lated with very low Hi column densities. The morphological and 
kinematic similarities of Arp72 with MSI and Arp86, suggest a 
multiple passage model of ISalo & LaurikainenI 1 199^) is p referred 
over the single passage model of Toomre & Toomre l ll972h . to un- 
derstand the Hi features in M-51 systems. The striking similarities 
for the three M5 1-type systems discussed here suggest similar time- 
scales. Howard & Byrd (1990) estimate the period of the compan- 
ion's orbit to be 500 Myr, and that it merges in less than three orbits. 
The orbital period for Arp86 is similar to within a factor of ~2 (see 
Salo & Laurikainen 1993). Identification of such systems at high 
redshifts from sensitive Hi surveys using the upcoming telescopes 
and modelling the kinematics would provide valuable inputs to- 
wards estimating the range of time scales of minor mergers and our 
understanding of galaxy evolution. A detailed study of Arp72 at Ho' 
and say, CO, to compare the kinematics of the ionized and molec- 
ular gas with the Hi gas would provide a more complete picture 
of the kinematics and star formation of this interesting M5 1-type 
system. 
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